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Introduction
In the production of sugar and bioethanol from sugarcane, the burning of leaf (trash) and bagasse increases manual harvesting efficiency and aids in waste disposal. Emissions from agricultural burning practices, however, which include particulate matter (PM), partially combusted carbonaceous matter, carbon biofuels (Rudorff et al., 2010) , carbon monoxide (CO), nitrogen oxides (NO x ) and other compounds (Jimenez et al., 2006) , are known to impact on the health of local populations (Ribeiro, 2008; Saldiva et al., 1994) and to cause a reduction in air quality (e.g., Dawson and Boopathy, 2007; Cançado et al., 2006) . PM, which is the focus of the current study, is generally grouped into different size ranges based on the aerodynamic diameter of particles able to pass, with 50% efficiency, through a specific size-selective inlet head. For PM 10 (coarse fraction) 50% of particles of 10 mm are collected, while for PM 2.5 (fine fraction) 50% of particles of 2.5 mm are collected (US EPA, 1987) .
Most PM 10 can penetrate beyond the extra-thoracic regions (i.e. nasal and mouth cavity), into the bronchial region and so can be considered to represent the particles that would deposit in the thoracic region of the lung (ACGIH/ISO-CEN). The respirable samplers which collect !50% of the particles 4 mm, represent those particles which if inhaled, can penetrate deeper into the bronchiolar and alveolar unciliated regions of the lung (ACGIH, ISO-CEN, QUARG, 1996) .
Although open field burning is known to reduce local air quality, it is thought to be an efficient method for harvesting sugarcane and many plantations therefore opt for it over manual harvesting without burning (and in some cases mechanised harvesting). Sugarcane trash and bagasse burning also takes place in the processing factory, typically as part of the sugar production process and for power generation. Given the recent increase in sugarcane cultivation for the production of ethanol, it is important to understand not only the economic impacts but also the potential health implications of burning sugarcane trash and bagasse in both current and future scenarios.
The aim of this study is to estimate occupational exposure levels to PM 10 during the commercial production of sugar from sugarcane and to assess its potential impacts on human health. Sugarcane ash and smoke have also been characterised to determine other factors that could contribute to their toxicity, such as grain size, morphology, mineralogy and elemental composition. The current study adds to the growing literature on the links between mineralogical and chemical properties of particulate from sugarcane burning and potential impacts on human health (e.g., Le Blond et al., 2010) .
Sugarcane burning
Pre-harvest sugarcane burning facilitates and optimises manual crop cutting (Figueiredo and La Scala, 2011) by removing the residue (senescent leaves) and insects (Thorburn et al., 2001) . It is carried out in numerous sugarcane-producing countries such as Brazil, Ecuador, China, India and the USA. In São Paulo State, Brazil, for example, during the 2000s, 2 Mha of sugarcane was harvested annually using the pre-burning practice (Rudorff et al., 2010) . While the widespread substitution of ethanol for gasoline was thought to reduce the amount of air pollution (Macedo et al., 2008; IEA, 2004) , the recent rise in land used for sugarcane cultivation in Brazil, mainly for biofuel production, caused a significant increase in the number of pre-harvest fires during 2000e2010 (e.g., Arbex et al., 2010) . Uriarte et al. (2009) (Gasparatos et al., 2012) , has worked to reduce pre-harvest burning practices. This has had a significant impact in Brazil and, currently, approximately 90% of the sugarcane fields in the SouthCentral region are harvested 'green' without pre-harvest burning (Nunes et al., 2014) . However, pre-harvest burning is still a relatively common practice in smaller-scale plantations, and in other Brazilian states (e.g., Scovronick et al., 2016) , as well as in a number of countries in Central America and Africa (Crowe et al., 2009 ).
An alternative method of trash management is to remove the leaves and burn them in the field after the sugarcane stalks are harvested. This is practised in Louisiana, USA (Dawson and Boopathy, 2007) and Cuba (Frías et al., 2007) . Studies in Brazil have shown that approximately 11,000 to 14,000 kg dry mass residues per ha per year are produced and left on the field as a result of 'green' harvesting methods (e.g., Carvalho et al., 2013; Oliveira et al., 1999) . In Australia and India, trash blanketing is preferred, where unburned trash is left in the field after harvesting (Robertson and Thornburn, 2007) . Trash blanketing can reduce the amount of herbicide needed, encourage soil moisture retention (Kingston et al., 2005) and lessen water run-off and soil erosion (Prove et al., 1995) .
In an average processing factory,~2700 kg of bagasse is generated for each 1000 kg of raw sugar produced from sugarcane stalks (Zandersons et al., 1999) . Workers are continuously exposed to dusts from the movement of bagasse as it is transported to the boilers. The heat from the boilers is either used to aid in the sugar evaporation process (co-generation) or to produce steam to drive turbines for electricity generation. A considerable amount of sugarcane bagasse ash (SCBA), formed in the boilers, is routinely dumped in landfills or distributed back onto the sugarcane fields.
Human exposure and potential health impacts from sugarcane burning
The sugarcane harvesting season typically lasts for six months of the year (e.g., between the dry season, May and October, in Brazil; Cançado et al., 2006) , potentially resulting in periods of relatively prolonged and repetitive work-place exposures. In addition, populations residing near areas where sugarcane burning is practised are at risk of exposure to emissions, depending on meteorological conditions. Ambient PM concentrations during the burning season, measured in cities of São Paulo state, Brazil, can be double those of non-burning periods (Arbex et al., 2007) , with daily concentrations of PM (and CO) comparable to those in the metropolitan area of São Paulo city (e.g., CETESB, 1997). In Piracicaba, Brazil (urban), over 60% of ambient PM 2.5 sampled during the 1997-98 burning season was attributed directly to sugarcane burning (Lara et al., 2005) . In a rural locality, near Araraquara (a medium-sized city in the sugarcaneeproducing region of São Paulo state), clusters of fine PM (0.3e3.0 mm) from sugarcane burning and coarse PM (3.0e10.0 mm) from soil dust resuspension predominated in the winter (pre-harvest burning) season, when compared to the summer (nonburning) season (Caetano-Silva et al., 2013) . Spatial techniques to quantify respiratory health effects, have shown that the impacts can be widespread, and the effect on the health of local, nonsugarcane producing populations from nearby sugarcane burning are significant and should not be underestimated (Chargas et al., 2016) .
According to Machlis (2002) , smoke from sugarcane burning, in relatively low doses, is an annoyance but does not threaten biophysical health. Contrary to this, studies carried out in Brazil have associated pre-harvest burning with an increased occurrence of acute respiratory illness (Arbex et al., 2000) , genotoxicity (Silveira et al., 2013) and other diseases of the respiratory system (Lopes and Ribeiro, 2006) . Impacts are particularly pronounced in vulnerable groups, such as young children (e.g., Jacobson et al., 2014; Conceição et al., 2001 ) and the elderly (Cançado et al., 2006) , and enhanced in regions where sugarcane cultivation dominates land use (Uriarte et al., 2009) . Furthermore, in a study on the island of Maui, Hawaii, there was a clear dose-response relationship, where there was a significantly higher incidence of respiratory distress in smoke-affected areas when greater amounts of acreage were burned (Mnatzaganian et al., 2015) . Similarly, a reduction in hospitalisations due to respiratory disease in Brazil is thought to correlate with new state laws that have been instrumental in reducing the practice of pre-harvest burning (e.g., Nicolella and Belluzzo, 2015) .
The findings from animal models are conflicting. In mice, Mazzoli-Rocha et al. (2016) show that exposure to biomassburning-derived PM (from Araraquara, Brazil) induces lung impairment in a similar way to urban-derived particles (from São Paulo city, Brazil), although it does not cause airway inflammation. In addition, they showed that, for long-term exposures, biomass burning PM may be more toxic than urban-derived particles (Mazzoli-Rocha et al., 2014) . However, Silva et al. (2015) argue that other factors, such as temperature and respiratory viruses that occur in the Brazilian winter, may be responsible for the exacerbation of respiratory disease observed during the burning. In addition to health impacts, the smoke plumes can cause substantial reduction in visibility and, as sources of greenhouse gasses and ozone, may affect the climate on both a regional and global scale (França et al., 2014) .
In regions where sugarcane is harvested manually, cutting is considered heavy physical labour (Lambert et al., 1994; Spurr et al., 1977; Morrison and Blake, 1974) . Sugarcane trash ash (SCTA) deposits remaining after pre-harvest burning are trampled on and, therefore, partially broken down so increasing the likelihood of PM ash emissions into the atmosphere. The exposure of workers is relatively high as they are required to cut the sugarcane stalk at its base, close to ground level. The heightened volume of air consumed by manual labourers cutting (burned) sugarcane stalks (~1.95 L min
À1
, compared with a resting rate of~0.25 L min À1 in a healthy, 70 kg person; ACSM, 2006) means that the volume of air drawn into the lung carrying SCTA PM is also increased. Nevertheless, the energy expended during manual cutting of burned sugarcane is lower than that during cutting of unburned sugarcane, as the excessive leaf material is removed (Müller and Coetsee, 2008) , which is the chief reason sugarcane is still burned on sugarcane estates.
It has been suggested that airborne fly ash from bagasse-fired boilers could also pose a respiratory health hazard (Das et al., 2004; Garcìa-P erez et al., 2002) , although the exact nature of the hazard has not been determined and there is very little information on exposure. Another related emission source is SCBA which is often spread on sugarcane fields as a fertilizer or piled in waste dumps and is, therefore, prone to re-suspension by the wind. From experimental production of SCBA, by combusting sugarcane leaf under controlled conditions, residual ash and smoke were found to contain potentially-toxic crystalline silica (Le Blond et al., 2008) . This was also detected (using X-ray diffraction, with~5% detection limits) in SCTA and SCBA samples from several commercial sugarcane estates, however not in PM from pre-harvest burning events (Le Blond et al., 2010) . The presence of crystalline silica in SCTA and SCBA highlights the potential for exposure to crystalline silica during activities that re-suspend ash, such as manual harvesting or activities where ash or soil is disturbed.
Of relevance to the current study, although not related to the burning of sugarcane, is the disease bagassosis. This is a form of extrinsic allergic alveolitis caused by intense exposure to fungal and bacterial organisms (such as Thermoactinomyces sacchari) living in the dried remnants of bagasse (Phoolchund, 1991) . Cases of bagassosis have been reported in sugarcane mills (Hearn, 1968) and may develop in up to 50% of people continuously exposed to mouldy bagasse during the sugarcane-cutting season (Morgan and Seaton, 1984) .
As the review, above, demonstrates, few quantitative PM exposure studies have been carried out around sugarcane plantation sites. This study, therefore, offers a unique insight into occupational exposure to PM from sugarcane burning and the ambient exposures experienced by nearby communities.
Materials and methods
Two commercial sugarcane-growing estates, one in Ecuador and the other in Brazil, were visited to collect samples of ash and airborne PM during various stages of sugarcane harvesting and processing. Laboratory work was carried out at the Natural History Museum, London, except where stated otherwise.
Airborne PM concentrations
Airborne PM concentrations were measured with a DustTrak™ aerosol monitor (Model 8520, TSI Inc.) during the following occupational exposure scenarios: 1) in sugarcane fields during pre-harvest burns (Burn#, n ¼ 7) 2) as workers cut the sugarcane (Cutting#, n ¼ 3; the next day following burning) 3) in the processing factory (Factory#, n ¼ 2; where bagasse is burned to provide energy) during hours of operation, at~1 m from the ground, to provide an estimate of PM exposure for those operating the conveyor belt which transports bagasse to the boilers
In addition, background ambient PM measurements were taken: 4) before pre-harvest burning began (Fieldpreburn#, n ¼ 5) 5) in a nearby village, immediately next to the perimeter of the plantation, during the night (Ambientovernight#, n ¼ 2) 6) in the same village over~24 h time periods (Ambient24hr#, n ¼ 3).
For the sampling in the village (Ambientovernight# and Ambient24hr#) the pre-harvest field burning occurred at some point during the evening. Sampling time for the field burning represents the time from fire ignition until extinction of all visible flames in the sugarcane field. Table 1 details the conditions measured in the fields during the pre-harvest sugarcane burning, including the area burned and ambient temperature. Burns1-5 were in Ecuador whereas Burns6-7 were in Brazil. Meteorological conditions were measured using an Extech RHT10 portable USB data logger (at 30 s intervals averaged over the duration of the fire) at a static point in the field adjacent to that which was being burned. During pre-harvest burning and cutting, workers were closely shadowed and the instruments held at the typical height of a worker's face to mimic occupational exposure.
The DustTrak™ draws in air containing suspended PM at a rate of 1.7 L min À1 through a PM 10 inlet head, to measure the concentration of 'thoracic' PM, recording the data every minute (time resolution ¼ 1 min intervals). The measured particle mass concentration (in mg m À3 ) is proportional to the amount of internal light scattering in the DustTrak™, with reference to a calibration factor (Liu et al., 2002) which, in this case, is ISO 12103-1, A1 test dust ('Arizona Road Dust'). The airborne PM measured during this study, however, will have different optical properties to this standard, and hence a corrected calibration factor was used based on outdoor wood smoke (Kingham et al., 2006) , which is assumed to represent a suitable analogue for sugarcane particulate. After the correction, a 1 h time weighted average (TWA) was calculated for each of the measurements and then averaged for each of the scenarios (i.e., during the sugarcane burning). TWAs were calculated from the data using the following equation:
Where C 1 is the concentration during the i th interval and t 1 is the duration of the i th interval.
Airborne PM collection and measurement
Airborne PM was collected with a Sioutas cascade impactor (a portable, size-selective impactor with four individual impaction plates; Sioutas, 2004) . Polycarbonate impaction filters (Millipore Isopore™ polycarbonate filters, 25 mm diameter, 0.4 mm pore size) were selected as substrates to enable subsequent analysis of particulate by scanning electron microscopy (SEM; the recommended PTFE filters are unstable under the electron beam). A Leland Legacy pump, operated at 9 L min
À1
, was used to draw airborne PM into the impactor and to encourage deposition onto the membranes according to their size. At this flow rate, PM is separated in the following aerodynamic ranges: <0.25, 0.25e0.5, 0.5e1.0, 1.0e2.5 and 2.5e10 mm (based on 50% efficiency, where at least 50% of the material will be less than or equal to the cut-off size). Previously performed particle loading tests showed that, in order for the Sioutas to retain its collection efficiency, PM loading must not exceed 3.14 mg for fine (diameter <2.5 mm) and 700 mg for coarse (diameter between 2.5 and 10 mm) PM (SKC, 2004) . Retrospective calculations of the PM loadings on the collection filters showed that these limits were not exceeded during the sampling.
Sampling was carried out concurrently with the DustTrak™ and collections were taken: 1) during the pre-harvest burning (n ¼ 5) 2) as the workers cut the sugarcane (n ¼ 3) 3) in a nearby village overnight (24 h collection; n ¼ 2) 4) in the processing factory (n ¼ 2).
A Mettler Toledo X5105 dual range balance (with a static discharger) was used to weigh the filters from the cascade impactor before and after PM collection (after conditioning in the same weighing room for a minimum of 24 h to reduce the effects of humidity), to measure the mass concentration of PM deposited on each impactor substrate. The mass median aerodynamic diameter (MMAD; the diameter at which 50% of the particles, by mass, are larger/smaller than the designated cutoff) and the geometric standard deviation (GSD) were calculated for the cascade impactor data according to the measuring scenario from which the samples were collected (i.e., in the field during burning, during cutting etc.).
In the laboratory, a quarter of each of the polycarbonate collection filters from the Sioutas cascade impactor was mounted onto a carbon sticky tab and carbon-coated to a thickness of approximately 25 nm, to ensure electrical conductivity for SEM analysis. The elemental composition and morphology of the airborne PM were investigated in a LEO VP1455 SEM with X-ray elemental analysis (Oxford INCA system), in high vacuum mode and backscattered electron (BSE) mode (WD ¼ 13 mm, EHT ¼ 15 kV). Images were taken on a Philips FEG SEM in secondary electron mode (WD ¼ 8 mm, EHT 10 kV).
Sugarcane ash and bagasse ash collection and measurement
Bulk samples of SCTA were collected from within burned fields from two commercial sugarcane estates in South America (Burnash#, n ¼ 7), which were taken after the sugarcane burn. The bulk sample at each estate consisted of a homogenised mixture of 12 sub-samples collected within each of the seven fields, and were taken from the top 4 cm of ash deposited immediately after preharvest burning. The samples were taken from fields that ranged from 9.5 to 17.1 ha, and the burn duration ranged from 25 to 62 min. The two countries had distinctly different meteorological conditions at the time of data collection, with an average ambient air temperature of 26 C and relative humidity at 83% for Ecuador (Burnash1-5; burning was at midday between 12.00 and 14.00), and an average ambient air temperature of 21 C and relative humidity at 51% for Brazil (Burnash6-7; burning was after nightfall at 18.00). Two samples of SCBA were collected from water flushed from the bagasse boilers (Bagasseash#, n ¼ 2). For full details of sampling strategy and treatment of these samples see Le Blond et al. (2010) . Particle size distributions of SCTA and SCBA were determined using a Malvern Mastersizer 2000 laser diffractometer (with a Hydro Mu attachment and ultrasonics) at the Department of Geography, University of Cambridge, UK. Prior to analysis, samples were sieved to <1 mm to remove large PM which could damage the particle size analyser. Only the <1 mm fraction was analysed by laser diffraction but the weight data from any sieved particles in the 1e2 mm size range was recorded and re-incorporated into the grain size distribution calculations. Water was used as a dispersant and the following analytical conditions were applied: measurement time 10 s; average 3 cycles; snaps 10000; obscuration range 5e20%; pump speed 2500; ultrasonic displacement 10. The real part of the refractive index (RI) for fly ash samples was varied to provide a sensitivity analysis of the results (Muñoz et al., 2001) . The effects of uncertainty in this parameter proved to be small and an RI of 1.73 (real) and 0.1 (imaginary) was selected based on available measurements for fly ash (Cyr and Tagnit-Hamou, 2001 ). As an additional measurement, the laser diffraction results (that are presented as equivalent spherical diameter) were recalculated to give the aerodynamic diameter, detailed in Equation (2), where d a is the aerodynamic diameter, d p is the equivalent spherical diameter, r d is the density of the particles in the sample (in g cm À3 ) and r o is the unit density (1.0 g cm
À3
). The density of the particles within the sample was calculated by estimating the composition of the ash/bagasse: 40% silica (2.65 g cm À3 ), 15% carbon (2.09 g cm À3 )
and 45% wood dust (5.0 g cm À3 ).
To test the potential breakdown of the ash due to mechanical disturbance (i.e. 'friability' of the ash), samples of SCTA and SCBA were ground in an agate pestle and mortar for between 10 s and 300 s (5 min). Samples were analysed on the Mastersizer 2000 at each stage of grinding, using the same conditions as above.
Calculation of the health pertinent fractions
In order to elucidate the proportion of particles that could potentially be inhaled into the respiratory system the data from the cascade impactor (particulate mass) and laser diffractometer (volume %) were recalculated and presented as the proportion of particles within the following size ranges: respirable, thoracic and inhalable. Although PM 10 is considered approximately equal to the thoracic fraction, the inhalable and respirable fraction were recalculated from the PM data according to the collection efficiency curves (by mass, as defined by International Standards Organization (ISO)/Comit e Europ een de Normalisation (CEN)/ACGIH respirable convention curve; ACGIH, 2006). As the cascade impactor has a range from 0.03 to 10 mm (e.g., Fonseca et al., 2016) only the respirable fraction was calculated.
Results

Airborne PM concentrations
The concentration of PM 10 was measured with the DustTrak™ during a range of activities and in a number of scenarios during sugarcane processing. Variation in PM 10 concentration during preharvest burning at the 7 different burn sites is shown in Fig. 1 . The highest recorded concentration of PM 10 at any one collection point (1 min averaged intervals) was just over 21.5 mg m À3 at site Burn7
(excluding outliers). This pre-harvest burn in Brazil, like that at Burn6, was started at night when ambient temperatures were relatively low (~17e18 C), whereas the measurements taken in Ecuador (Burn1-Burn5) were conducted during daytime when temperatures were around 25e27 C (Table 1 ). In addition, the relative humidity was found to be higher in Ecuador when compared to Brazil, whereas the wind speed was higher (on average) in Brazil. , respectively). However, the number of measurements is limited and Burn7, the pre-harvest burning scenario found to produce the greatest PM 10 concentration, was collected at a site where the temperature, relative humidity and wind speed were comparatively low (17 C, 26e27% and 6 knots, respectively).
When the different measurement scenarios (i.e. measurement in the field during burning, during ambient periods etc.) were compared, pre-harvest field burning produces the highest concentration of 1 h TWA for PM 10 with a geometric mean ¼ 1807 mg m À3 (Fig. 2) . The statistical significance was determined among the measurement scenarios by one-way ANOVA (F(5,16) ¼ 21.8, p ¼ <0.001). A Tukey post-hoc test (a ¼ 0.05) revealed that the PM 10 1 h TWA measured during the field burning was significantly higher than all other measurement scenarios and ambient conditions measured. There was no statistically significant difference between the TWA calculated for the other measurement scenarios. 
Airborne PM (mass) collection
The average total concentration of PM 10 collected on the filters in the Sioutas impactor (after normalisation for the volume of air sampled) was greatest during processing factory operations (4006 mg m À3 ). This was closely followed by concentrations during sugarcane pre-harvest burning (3833 mg m (Fig. 3a) , cutting ( Fig. 3b) and overnight sampling (Fig. 3d) was <0.25 mm aerodynamic diameter, whereas in the processing factory (Fig. 3c) it was predominantly 0.25e0.50 mm. The proportion of respirable PM also varied among collection scenarios, with field burning, sugarcane cutting and ambient overnight collections containing~96% PM 4 compared with 76% from the processing factory (Table 2 ). The mass median aerodynamic diameter (MMAD) of the thoracic fraction is relatively low for the field burning, sugarcane cutting and ambient overnight (all 1.1 mm), but higher for the material collected in the processing factory (1.5 mm).
A synoptic view of the particles collected on the filters during the pre-harvest burning, by SEM, shows an array of mineral components clustered together, many of which could be considered thoracic in size (PM 10 ). An elemental map (Fig. 4) shows the clustering of angular mineral phases collected during pre-harvest burning, with numerous particles composed of silicate phases with minor sodium, potassium and aluminium.
Point SEM-EDS analysis showed that most particles on the filters were predominantly composed of carbon (Fig. 5) . Analysis of PM in pre-harvest burning filter collections identified carbonaceous material, silica-dominated particles, silicate phases and other compounds, such as KCl (Fig. 5a) and NaCl (Fig. 5b) . Metal oxides, including Mg and Fe oxides, were also present. PM was generally irregularly shaped and contained minerals commonly found in soils (i.e. silicates; Fig. 5c ). Some remnants of raw plant material were also observed on some of the filters from pre-harvest burning and cutting collections, including phytoliths ( Fig. 5c ) and fibrous relics. The fibres have a ratio of length to width greater than 3:1 (and in some cases 5:1) and range in size from <10 to over 50 mm in length.
Carbonaceous material on the PM filters collected during preharvest burning and subsequent cutting were visibly charred, whereas the majority of carbon on filters collecting in the factory was unburned and resembled the original bagasse material. The exceptions were sub-micron carbon particles (Fig. 5d ), which can be described as fractal-like aggregates similar to those typically produced from wood combustion (e.g., Gwaze et al., 2006) .
Ash grain size distributions
All of the seven SCTA samples, taken from Brazil and Ecuador, contained particles with similar size ranges, with means of 0.6% respirable, 1.7% thoracic and 16.0% inhalable material (in cumulative vol. %; Table 3 ). The SCBA samples were dissimilar, with Bagasseash1 containing a greater proportion of particles in all the health-pertinent size ranges and containing the greatest proportion of respirable material in the suite of samples (2.6%). Conversely, Bagasseash2 contained the least amount of particles (by volume) within each size fraction, and had just 7.4% in the inhalable fraction.
Grain size distributions shift to a smaller distribution for both SCTA (n ¼ 2) and SCBA (n ¼ 2) samples after grinding (Fig. 6) . In both SCTA samples the shape of the particle distribution becomes bimodal after grinding, with a clear increase in the proportion of particles in the smaller size ranges. For the SCBA Bagasseash1 is more prone to particle reduction after grinding when compared with Bagasseash2.
The proportion of all health-pertinent size fractions increases after grinding, with the largest increase in the respirable fraction occurring after 300 s grinding SCBA Bagasseash1 (48.9% increase; Table 4 ). The sample that was least affected by grinding was the SCBA Bagasseash2, which showed a 1.7% increase in respirable material in the ash sampled after 300 s of grinding.
Approximated PM exposure and dose
The 'ventilator rates' for adults were used to attempt to calculate acute PM exposure levels over a working day. An estimation has been made for the ventilation rates, based on the intense physical Fig. 4 . a) SEM-EDS image of particles collected on polycarbonate filters (from Sioutas collections) from the pre-harvest burn Burn1. b-f) Qualitative X-ray elemental maps (SEM-EDS) for the same area as in Fig. 4a showing the presence and distribution of b) Si, c) O, d) Na, e) K and f) Al. Image grey scale is from black (not detected) through to relatively high concentrations (white). activity required for manual cutting and harvesting (e.g., Barbosa et al., 2012) . In these calculations, a highly active adult male (defined as~23e30 years old) has a daily ventilation rate of~22 m 3 day À1 (e.g., Brown et al., 2013; Brochu et al., 2006 . Similarly, the 24 h PM 10 concentration averages for an 8 h shift, including sugarcane burning (1 h) and cutting (7 h) and 16 h of exposure to ambient PM, is 164 mg m À3 . In the processing factory over the same time period and with 16 h of exposure to ambient PM, the concentration average would be 89 mg m À3 . To estimate the mass dose of ambient PM 10 inhaled by residents near to the sugarcane plantation (not employed in the sugarcane industry) over a 24-hour period in a rural setting, median (average activity) daily 'ventilator rates' for adult males (~17 m 3 day À1 ), females (~14 m 3 day À1 ) and children aged 7e11 years (average of male and female children;~10 m 3 day À1 ) were used (ventilator rates from Brown et al., 2013; Brochu et al., 2006) . PM 10 dose was 806 mg day À1 for adult males, 630 mg day À1 for adult females and 471 mg day À1 for children. The 24 h TWA exposure for people exposed to ambient levels of PM 10 from near to the sugarcane fields (calculated from the full day PM 10 collections) was 46 mg m
À3
. Using the data from the ambient 24 h PM 10 collection, we can calculate an approximate relative risk for estimating the attributable burden at any measured concentration using the following equation (Osto, 2004) :
Where b is 0.0008 and represents the mortality effects (assuming an increase in short term, 24 h, exposure of 10 mg m À3 PM 10 causes an increased risk of between 0.6 and 1.0%; Osto, 2004) . When calculating the ambient exposure to people residing near the sugarcane fields, X is the measured concentration of 46 mg m À3 and Xo is the baseline PM 10 concentration (the level that would exist without any man-made pollution, estimated to be 10 mg m À3 PM 10 ;
Osto, 2004). The RR is calculated as 1.03 (95% CI 1.02, 1.04), hence after short term exposure to PM 10 from sugarcane burning the risk of 'all cause' mortality is increased by 3%.
Discussion
Occupational PM exposure and dose
This study has shown that a substantial amount of PM 10 is released during sugarcane burning. The amount of PM 10 produced is statistically higher than the other PM-generating scenarios measured in this study, which suggests that the labourers employed in initiating the fires, and maintaining a steady burn rate, will potentially be exposed to the greatest burden of PM 10 . An 8 h shift solely in the sugarcane burning fields is possible, but unlikely, as typically one field is burned at any one time (although harvesting techniques vary between countries and plantations). In the case of an 8 h shift pre-harvest burning, the average calculated 8 h TWA for PM 10 is 2147 mg m À3 , which is less than the 8 h permissible exposure limit (PEL) issued by OSHA (5000 mg m À3 for respirable PM, and 15000 mg m À3 for total PM; OSHA, 2006). However, authors citing research on dusts that are considered inert believe that these occupational exposure limits (OELs) are too high and may not fully protect against pulmonary damage (e.g., Cherrie et al., 2013) .
The estimated dose of PM 10 varied for each of the measured scenarios. For example, the mass of the thoracic fraction of PM that an adult male would be exposed to during an 8-hour shift working on sugarcane burning was found to be 15825 mg, whereas a similar 8 h shift in the processing factory would result in a dose of 1290 mg over the entirety of the shift. There are no comparable metrics by which to compare the dose of PM (i.e., mass) that may enter into the thorax and beyond into the deeper region of the lung, the closest comparator being coalminers. Interestingly, coalminers exposed to significant levels of dust do not experience 'lung overload' (described as a saturation of the capability of alveolar macrophages to ingest particles; Kuempel et al., 2001; Tran and Buchanan, 2000) or elevated lung cancer risks (e.g., Stayner and Graber, 2011; Morfeld, 2013) . However, a correlation can be found between exposure to coal mine dust and coal worker's pneumoconiosis (Morfeld et al., 2015) . Coal worker's pneumoconiosis is not a response to a specific mineral within the coal dust (although silicosis can develop if the coal dust is rich in crystalline silica; Derbyshire et al., 2012) but, rather, by chronic exposure to high concentrations of insoluble respirable particles.
Sampling locations with higher ambient temperatures (e.g., Ecuador, 25e27 C) show elevated levels of PM 10 (averaged) during field burns than those with lower temperatures (e.g., Brazil, 17e18 C). However, the burn producing the highest concentration of PM 10 was in Brazil, where the lowest temperature, relative humidity and wind speed were recorded. Further to this, the other measurements made (n ¼ 2) in Brazil were during a period of high wind speed (18 knots), which may have contributed to the reduced PM 10 concentration measured. Due to the limited number of measurements, no firm associations can be drawn between the PM and the meteorological conditions observed during this sampling. WHO, 2005) .
In the US, the Environmental Protection Agency (EPA) issues National Ambient Air Quality Standards (NAAQS) limits for PM 10 in the environment of 150 mg m À3 averaged over 24-hours, which must not be exceeded more than once a year, on average, over a period of three years (US EPA, 2013). As pre-harvest burning and cutting occurs in an outdoor environment, air quality in exposed communities residing near the sugarcane fields should not exceed these guidance levels for ambient PM 10 . Data collected in this study during ambient periods (either between burning or for periods of time in locations outside of the sugarcane plantation site) reveal that PM 10 levels measured during sugarcane burning (averaging~45 mg m À3 ) did not exceed WHO guidelines. However, another study noted that the PM 10 concentrations measured in Araraquara, Brazil exceeded the WHO guidelines on 103, 84 and 33 days in 2010 , respectively (Souza and Nascimento, 2016 , although there will be substantial differences between the PM 10 levels measured in rural (as measured in this study) and urban environments. PM 10 concentrations measured in São Paulo city during August 7the28th 2008 (during the dry, sugarcane burning season), for example, had an average of 64 mg m À3 over a 24-hour period (Souza et al., 2014) , which is thought to be influenced by sugarcane burning in the areas surrounding the city (Vasconcellos et al., 2010) . Previous studies have shown a link between adverse health effects in city populations with episodes of sugarcane burning (e.g., Umbuzeiro et al., 2008; Carvalho-Oliveira et al., 2005) .
Populations with pre-existing respiratory disease are particularly at risk after exposure to inhalable particles from sugarcane and other forms of agricultural burning. Agricultural burning (straw and stubble) was found to increase the PM 10 concentrations (determined from the 24 h integrated concentration of PM 10 ) measured on the outskirts of Winnipeg, Canada, from 15 to 40 mg m À3 in the non-burning season (June to September) to 80e110 mg m À3 in the burning season (September to October). People with pre-existing respiratory disorders, such as chronic bronchitis and asthma, were notably more susceptible to the smoke (Long et al., 1998) .
Airborne PM characteristics
When considering the PM 10 particles collected using the Sioutas cascade impactor, the total masses varied from location to location, as follows: processing factory > pre-harvest burning > sugarcane cutting > ambient overnight collections. The MMAD for the PM 10 collected on the cascade impactor filters was 1.04 mm during the sugarcane field burning and 2.13 mm in the processing factory.
Previous studies have found that the majority of particles, in terms of particle number, emitted during biomass burning events are ultrafine (i.e., <0.1 mm; Morawska et al., 1998) . In terms of mass, much of the PM released by biomass burning is thought to be < 2.5 mm in aerodynamic diameter (US EPA, 1998) . Smouldering combustion tends to release large amounts of fine PM, whereas, the burning efficiency is greater during flaming combustion and hence the amount of PM released is comparatively less (Ward, 1990) . The higher concentrations of PM 0.5 and PM 0.5-2.5 (i.e. ultrafine and fine PM) released during pre-harvest burning may, therefore, have been produced by smouldering plant material in the field (see Le Blond et al., 2010, Fig. 4 ), whereas flaming conditions (i.e. regulated temperatures) in the boilers at the processing plant (producing the bagasse ash) would be more likely to generate larger-sized PM.
Although there is no combustion occurring during sugarcane cutting, the presence of abundant fine PM (over 96% of the PM collected on the cascade impactor filters was respirable) suggests that the ash remaining on the ground after burning is easily broken down into smaller fragments and lofted into the air. While the concentrations of PM 10 collected during the sugarcane cutting and ambient overnight collections were less than the mass of PM 10 collected during field burning, the proportion of respirable PM is similarly high (~96%). Ground ash therefore represents a source of PM 10 that could be lofted into the air and become a chronic problem for communities residing near sugarcane fields.
Ash characteristics
During biomass burning, ultra-fine mode or fine mode particulate is formed from either condensation of pyrolysis products, complex aggregation processes that form black carbon (soot) particles or oxidation of emitted volatile organic gases (Cashier, 1998) . Carbonaceous material was abundant in PM collected during both pre-harvest burning and harvesting, and is a common component emitted from biomass burning (e.g., Andreae and Merlet, 2001 ), including PM from other silica-rich biomass burning, such as rice straw burned in the field (Hayes et al., 2005) . Carbonisation is typically characterised by the disappearance of chemical bonds and the creation of low-molecular weight compounds, resulting in char containing carbon, hydrogen and mineral oxides (Bilba and Ouensanga, 1996) .
During vaporisation, airborne particles undergo surface enrichment, via condensation or reaction, in heavy metals and other compounds (such as KCl). Nucleation of compounds can occur, for example Zn oxide, K 2 SO 4 , KCl and K 2 CO 3 (Obernberger and Brunner, 2005) . In this study we observed particles composed of salts by SEM (KCl and NaCl). Sylvite (KCl) was frequently observed in PM from pre-harvest burning and harvesting, and has also been previously identified in both coarse (i.e. PM 2.5-10 ) and fine aerosol collected during sugarcane burning in Brazil (Allen et al., 2004) and in smoke samples collected from burning savannah grasslands (predominantly) in southern Africa (Liu et al., 2000) . PM emissions from open-air wheat residue burning were also noted to be enriched in KCl (Hayes et al., 2005) , a soluble salt that has been shown to exhibit a relatively high bioaccessibility from metal smelter emission sites (e.g., Mbendge et al., 2015) but low toxicity. The aggregated sub-micron spheres present on the filters collected in the factory are most likely primary soot particles, which are characteristic of flaming conditions rather than smouldering combustion (Cashier, 1998) and hence may originate from the boilers in the processing factory. These particle aggregates are known to be composed of graphite layers, occasionally with inclusions of minerals such as silica or K-salts (e.g., Li et al., 2003; P osfai et al., 2003; Wentzel et al., 2003) .
From SEM analyses, fibrous material was present in the airborne PM collected from most of the sugarcane processing activities. The aspect ratio of these fibre-like particles conforms to the WHO definition for fibres used by regulatory authorities in their classification and measurement of asbestos (WHO, 1986) . However, we suggest that these fibre-like particles cannot be described as asbestiform -a term employed to describe minerals in which fibres have a high tensile strength and flexibility, and are insoluble in the lung.
The majority (~84%) of the bulk SCTA is too large to be inhaled (>10 mm) and would not present an immediate hazard to human health. Only~2% of the total volume of one of the SCBA samples (Bagasseash1) was small enough (i.e. <4 mm) to be inhaled deep into the alveolar regions of the lung. The bimodal grain size distribution in the ash, observed most prominently in sample Burnash7, may be indicative of the two types of material present in the sugarcane trash ash: unburned plant material and carbonaceous char. Char will tend to breakdown much more readily than unburned plant material, yielding a peak in the grain size distribution at smaller particle size. Re-grinding experiments showed that the sugarcane ash is friable and can be broken into finer PM by mechanical disturbance (with an average increase of~6% in the respirable fraction after 5 min of grinding), which could be inhaled by manual labourers when they harvest the sugarcane stalks. In the case of Bagasseash1 (SCBA) there was a 49% increase in the proportion of respirable PM produced after 5 min of grinding. This is particularly important, as the quantities of SCBA produced during the sugar-production process can be significant (e.g.,~2700 kg bagasse for every 1000 kg of raw sugar produced; Zandersons et al., 1999) . SCBA is regularly left in storage heaps and is, therefore, vulnerable to erosion or resuspension by the wind or during transportation. Other activities that may break down the ash include re-distribution over sugarcane fields as a fertilizer, or use as an additive in the manufacture of other materials such as concrete.
Relative risk calculations
The RR calculations for short term exposure to ambient levels of PM 10 in the sugarcane burning areas measured here, indicate that there could be a 3% increase in 'all cause' mortality due to an increase in the estimated risk of 0.8% per additional 10 mg m À3 PM 10 (from Osto, 2004) . In comparison, findings reported by the Committee of the Environmental and Occupational Health Assembly of the American Thoracic Society (1996) suggest that for each 10 mg m À3 increase in PM 10 total mortality increases by 1%, respiratory mortality by 3.4% and cardiovascular mortality by 1.4%. Other studies have estimated higher relative risk values for more specific health outcomes. For example, Souza and Nascimento (2016) found that an increase of 10 mg m À3 PM 10 in Araraquara, Brazil, resulted in a 15% increase in relative risk of hospitalization due to pneumonia. Similarly, in studies monitoring the impacts from residential wood burning in Seattle, USA, a 3.7% increase in emergency room visits for asthma was observed for every 10 mg m À3 rise in PM 10 (Schwartz et al., 1993) .
Conclusions
PM exposure levels associated with pre-harvest agricultural burning of sugarcane and with sugar processing in the factory pose a potential hazard to human health, particularly chronic exposures in occupational scenarios. The concentrations of PM 10 measured in this study were typically less than current occupational PEL limits (OSHA) and ambient PM 10 guidelines issued by the WHO, however, more research is needed to constrain the health impacts from long term exposure to relatively low levels of PM. Although the airborne PM and ash deposits are mostly carbonaceous matter and silicate minerals (in addition to the uncharacterized organic compounds), airborne PM samples captured during burning and harvesting were found to be within the ultra-fine and fine range, which can be inhaled deep into the alveolar region of the lung. Mineral particles present in a respirable size in airborne PM samples could also contribute to respiratory ill health, and the presence of fibrous PM must be further investigated.
Ash that has been distributed into the fields and waste piles may be easily broken down into respirable-size PM, promoting its resuspension into the atmosphere, for example, during cutting of the sugarcane in the fields after burning events. The ash from sugarcane trash therefore also represents a potential source of respirable airborne particulate, which local populations and workers may be exposed to over extended periods of time. Sugarcane processing and the associated activities create PM that should be considered both an acute and chronic respiratory hazard. The physicochemical properties (such as chemical composition and surface reactivity) of the ash deposits must be taken into account when a health assessment is made, especially given that a predicted increase in sugarcane production for biofuel is likely to be associated with increasing quantities of ash residue.
